The off-resonant AC Stark shift for coherent population trapping (CPT) resonances probed with Ramsey spectroscopy is investigated experimentally and theoretically. Measurements with lasercooled 87 Rb atoms show excellent quantitative agreement with a simple theory. The shift depends on the relative intensity of the two CPT light fields, but depends only weakly on the total intensity. Since the origin of the shift is through couplings of the interrogation light to off-resonant excited state hyperfine levels, the size and sign of the shift depend on the specific interrogation scheme. However, the simple theory shows that for several commonly used interrogation schemes the off-resonant shift goes to zero at specific values of this relative intensity. The AC Stark shift, or light shift, is a light-induced change in the energy level structure of atoms with important implications to atomic timing. While this shift plays an important role in continuously pumped vaporcell atomic clocks, it is not traditionally present in highaccuracy beam and fountain clocks where the coherent manipulation of the atoms is done with microwave fields, and optical fields are only present during state preparation and readout. However, in both optical clocks [1] and microwave clocks based on coherent population trapping (CPT) [2] [3] [4] [5] , light fields induce the coherent excitation of the atoms and can contribute significant light shifts.
The AC Stark shift, or light shift, is a light-induced change in the energy level structure of atoms with important implications to atomic timing. While this shift plays an important role in continuously pumped vaporcell atomic clocks, it is not traditionally present in highaccuracy beam and fountain clocks where the coherent manipulation of the atoms is done with microwave fields, and optical fields are only present during state preparation and readout. However, in both optical clocks [1] and microwave clocks based on coherent population trapping (CPT) [2] [3] [4] [5] , light fields induce the coherent excitation of the atoms and can contribute significant light shifts.
Light shifts [6] in continuously-probed (CW) vaporcell CPT clocks have been studied in detail [7] [8] [9] [10] [11] [12] [13] [14] , where the AC Stark shift causes frequency biases sensitive to the optical detuning, total CPT intensity, cell temperature [12] , as well as the intensity ratio between the two components of the CPT light field [9] [10] [11] [12] 14] . Operating at an optimized intensity ratio can reduce the frequency dependence on intensity [11, 12] , however residual shifts remain [14] .
CPT resonances can also be probed with Ramsey spectroscopy [15] [16] [17] [18] [19] [20] [21] [22] [23] . In Ramsey spectroscopy, the light shift can be divided into a resonant and off-resonant component. The resonant shift involves the resonant interaction of the two light fields and three atomic levels. Previous work [16, 24, 25] has shown that resonant shifts result from incomplete dark-state formation during the first Ramsey pulse, and vanish when the total intensity and the first Ramsey pulse duration are sufficiently high [26] . This leaves the off-resonant light shift as the dominant systematic shift. This shift involves the interaction of all optical field components with all detuned atomic energy levels which couple with the light (normally the ground-and excited-state hyperfine structure).
Ramsey spectroscopy has a few general advantages over CW CPT clocks, but the trade-offs between the two excitation protocols are subtle and require careful analysis. Several Ramsey CPT studies have shown reduced light shifts compared to CW interrogation at the same intensity [20, 22, 27] . However, in CPT clocks based on continuous excitation, the light illuminates the atoms for longer, and therefore a considerably lower intensity is needed to achieve the same optical pumping efficiency. Thus, both CW and Ramsey schemes result in a comparable absolute shift at optimal operating conditions. However, in Ramsey CPT clocks the sensitivity of the light shift to intensity variations is significantly reduced when compared to CW experiments [22, 23, 28] . As we show in this work, the off-resonant shift depends weakly on intensity. Thus, in Ramsey CPT clocks, light shifts can have a lower sensitivity to intensity variations even if the magnitude of the shift is comparable to low-intensity continuous excitation. Additionally, in Ramsey spectroscopy various schemes can be implemented to eliminate light shifts by using pulses with tailored phases and frequencies [29] [30] [31] .
Cold-atom CPT clocks [26, 28, 32, 33] offer a clean system for studying these light shifts since buffer gas shifts [34, 35] are avoided, narrow resonances with long coherence periods are observed [26, 28] , and complete dark states are formed. By mitigating known shifts, the coldatom CPT clock provides an excellent platform for performing precise comparisons between theory and experiment as well as exploring performance limits. In this work, we use a cold-atom CPT clock to experimentally investigate a simple theory for the off-resonant shifts. Comparisons between experimental measurements and theoretical models are in excellent quantitative agreement, and we show that the off-resonant shift can be ∆ off-res completely suppressed under some experimental conditions. These results should allow for improved long-term frequency stability across a broad range of future CPT atomic clocks.
As a model, we consider CPT resonances formed in a three-level Λ system under interaction with two monochromatic fields
each detuned by δ 1-ph from a short-lived excited electronic state |3 with a spontaneous decay rate γ (see Fig. 1 .a). The CPT resonance forms when the difference between the optical frequencies (ω 1 − ω 2 ) is near the microwave-frequency transition between the long lived lower energy levels |1 and |2 or ω 2 − ω 1 ≈ ∆ hfs (see Fig. 1 .a). The dynamics of the Λ system in the rotating wave approximation are described by the differential equation system for the density matrix components:
with the conditions ρ jk = ρ * kj (j, k = 1, 2, 3) and Tr{ρ} = ρ 11 + ρ 22 + ρ 33 = 1.
Here Ω 1 (t) = d 31 E 1 (t)/ and Ω 2 (t) = d 32 E 2 (t)/ are the Rabi frequencies for the transitions |1 ↔ |3 and |2 ↔ |3 , respectively (d 31 and d 32 are the reduced dipole matrix elements for these transitions); γ opt is rate of decoherence of the optical transitions |1 ↔ |3 and |2 ↔ |3 (γ opt = γ/2 for pure spontaneous relaxation); γ 1 and γ 2 are spontaneous decay rates (γ 1 + γ 2 = γ for a closed Λ system); Γ 0 is the slow (Γ 0 ≪ γ, γ opt ) rate of relaxation to the equilibrium isotropic ground state;
detuning, where ∆ off-res (t) is an additional shift between levels |1 and |2 present only when the CPT light is on ( Fig. 1.b) .
∆ off-res results from off-resonant AC Stark shifts of components of the laser field with all allowed transitions to off-resonant hyperfine states (not pictured in Fig. 1 .a) [11, 36] , and is given by
which must be calculated for each of the frequency components in the CPT light and summed. δ n,1 and δ n,2 are the one-photon detunings from the lower states (|1 and |2 in Fig. 1 .a) to the n th off-resonant state, and Ω n,1 and Ω n,2 are the corresponding Rabi frequencies. In practice, for D1
87 Rb interrogation, the largest shift contribution arises from coupling to the non-resonant exited-state hyperfine level detuned by ∼ 815 MHz.
The theory of the off-resonant shift for Ramsey spectroscopy in the frame of a two-level atom was previously developed [29, 37] . The main contribution to the shift of the central Ramsey fringe was shown to be proportional to T −1 (∆ off-res /Ω 0 ), where Ω 0 is the one-photon Rabi frequency. Similar to this approach, we represent the shift (in Hz units) for CPT Ramsey spectroscopy in the following form
where Γ p is the rate for pumping atoms into the dark state [16, 17, 19] . The choice of Γ p is based on the twophoton nature of CPT spectroscopy, where the rates of two-photon processes and optical pumping are proportional to the field intensity I ∝ |E| 2 .δ CPT-R can be interpreted in terms of the phase shift between the atomic coherence and the applied CPT field at the end of the first pulse, withδ
In general, A depends on all parameters of the CPT scheme. However, here we take A to be independent of τ 1 since we assume the steady state solution for Eq. (2) is realized during the first Ramsey pulse.
To determine which parameters A depends on, we performed simulations using parameters typical to our experiments: δ 1-ph = 0, γ opt = γ/2 (i.e., pure spontaneous relaxation, no buffer gas broadening), and Γ 0 = 0 (due to the absence of atom-atom collisions). Also, we stay in the small saturation regime (Γ p /γ ≪ 1) where the duration of the second pulse, τ 2 , is less than the typical time to pump the atoms into the dark state.
For these conditions, numerical simulations show that for |∆ off-res /Γ p | ≪ 1, A does not depend on ∆ off-res (|∆ off-res /Γ p | < 0.01 is typical for our experiments), and, if Γ p T ≫ 1 and |∆ off-res /Γ p | ≪ 1, A weakly depends on T . In this case, the coefficient A can be approximated by:
The typical low intensity and short second Ramsey pulse in our experiment leads to values of A ranging from 1 to 3 depending on interrogation scheme. In general, because the three-level theoretical model does not take into account Zeeman substructure of real atoms and other complexities, it is necessary to parameterize A as A = A 0 + A 1 τ 2 Γ p , where A 0 and A 1 depend on the type of atom, the interrogation line, the angular momenta of the resonant hyperfine levels, and the polarization configuration of the light beams. The derived expression for the off-resonant light shift, Eq. (4), demonstrates similar behavior to earlier expressions derived by Yano et al. [38] using a completely different approach.
Since both ∆ off-res and Γ p are proportional to the total intensity, ∆ off-res /Γ p does not depend on intensity, and the only intensity dependence comes from A. Thus, Eq. (4) predicts significantly reduced sensitivity ofδ CPT-R to fluctuations of the total intensity as compared to CW interrogation. The main source of the field-induced fluctuations ofδ CPT-R are fluctuations of the intensity ratio (R = I 1 /I 2 ) where I 1 and I 2 are the intensities of the CPT light fields (see Fig. 1 ).
To measure the off-resonant light shifts we used the cold-atom CPT clock decribed previously [28] . We describe the relevant aspects of the experiment here. First, 87 Rb atoms are cooled and trapped in a magneto-optical trap with a typical cooling period of 20 ms followed by a 3 ms molasses period. The atoms are then released and interrogated using a Ramsey spectroscopy sequence (see Fig. 1 .b) while in free fall, with a small magnetic field applied to set the quantization axis to the direction of the CPT beam. Due to the atoms falling, the total Ramsey sequence is limited to about 20 ms by the 3.6 mm (1/e 2 ) diameter of the CPT beam, and the overall cycle of cooling and interrogation takes up to 45 ms.
The atoms were interrogated with CPT light resonant with the D1 transition at 795 nm. The two CPT lightfields were generated by driving a fiber-coupled electrooptic phase modulator (EOM) at the hyperfine-splitting frequency (≈ 6.835 GHz). The off-resonant light shift depends strongly on the intensity ratio. Therefore, the light exiting the EOM was sampled with a Fabry-Perot cavity (FP), and the ratio was measured by curve-fitting the peaks in the FP transmission curve.
To obtain high CPT contrast, we used either the lin||lin [39] or σ + − σ − interrogation scheme [40] , both of which probe double-Λ systems that prevent the atoms from being trapped in the end magnetic sublevels. The two necessary counter-propagating CPT beams were realized by retro-reflecting the CPT beam and measuring the transmitted power after the second pass through the atoms (Fig. 2) . For all measurements shown here, the ground state relaxation was limited by the vacuum lifetime and had negligible contribution to the line-width.
The Ramsey pulse sequence consists of two pulses separated by a dark period ( Fig. 1.b) . The first pulse with duration τ 1 prepares an atomic coherence, or dark state, between levels |1 and |2 , T is the free evolution interval, and the second pulse with duration τ 2 is for detection. The pulse sequence was generated by controlling the RF input to a double-pass acousto-optic modulator. The clock is typically operated with a CPT beam average input intensity of 1.33 W/m 2 at the atoms' location. The absolute frequency shift of the central CPT Ramsey fringe from the accepted value of the hyperfine splitting of 87 Rb was measured by locking a synthesizer to the central Ramsey fringe and comparing the stabilized RF frequency to a hydrogen maser reference. To accurately measure just the off-resonant light shifts, we took steps to mitigate other systematic shifts. The Doppler shift was minimized by applying the CPT beams orthogonal to g and retro-reflecting the CPT beam [32] . The first CPT pulse was made long enough for the system to reach a nearly complete dark-state and minimize resonant light shifts [28] . Finally, the quadratic Zeeman shift was calculated by measuring the quantization magnetic field, using a magnetically sensitive atomic transition, and subtracted off. Even with these techniques, a small residual shift remained in our measurements. We attribute this to residual Doppler shifts (caused by imbalance between the input and the reflected CPT beam) as well as other technical shifts. Ultimately, we removed a shift of order 10 −11 in fractional frequency units from our measurements to match the zero-crossing point of the theory.
Light shift measurements have been performed versus total CPT intensity, intensity ratio, Ramsey period, and CPT interrogation scheme. The results have been com- pared to the theoretical model in Eq. (4). Figure 3 shows off-resonant light shifts versus intensity ratio measured with the lin||lin interrogation scheme for three different Ramsey periods T = 4, 8, and 16 ms. The ratio was scanned from 0.25 to 4, while keeping Γ p nearly constant. The measurements fit a universal curve, showing that the shifts are inversely proportional to T and depend strongly on the intensity ratio as predicted by Eqs. (4) and (3). Figure 4 shows the off-resonant light shifts versus intensity ratio, with T = 4 ms, for the two interrogation schemes: lin||lin and σ + − σ − resonant with the F ′ = 1 and F ′ = 2 levels, respectively. For σ + − σ − , the offresonant shifts are significantly smaller and less sensitive to intensity ratio fluctuations when compared to the shifts for the lin||lin scheme. Thus, σ + −σ − shows a clear advantage over lin || lin in this atomic system. This advantage originates from the dipole matrix elements of the specific optical transitions that contribute to ∆ off-res and Γ p . For σ + − σ − interrogation locked to F ′ = 2, ∆ off-res is smaller while Γ p is larger, leading to overall smaller shifts (see Eq. (3)). Figure 5 shows the off-resonant light shifts versus total intensity for lin||lin interrogation with T = 4 ms, and for three different intensity ratios. For all intensity ratios, the frequency shifts depend weakly on the total intensity. The slope for R = 1.3 is consistent with zero, while for R = 0.4 and 3.6 the slopes are small but non-zero. For typical clock operation with T = 16 ms and σ + − σ − interrogation with F ′ = 2, the shift intensity dependence would be much smaller due to the 1/T dependence and the smaller shifts for the σ + − σ − scheme (Fig. 4) .
Small intensity dependences have also been measured with CPT Ramsey spectroscopy in vapor cells based on sodium [41] and cesium atoms [21, 23] . The theory (Eq. 4) developed here may also apply to these systems, in spite of their much faster relaxation rates.
To fit the measured shifts to the model (Eq. (4)) we had to use pumping rates, Γ p , smaller than predicted by Eq. (4). The slower pumping rates are consistent with our measured experimental pumping times, which are ∼ 100 µs for typical conditions (σ + − σ − , F ′ = 2, I = 0.7 W/m 2 ). This discrepancy is an area of continued study; however, we believe it may be due to the atoms' complex level scheme, compared with the simplified three-level model used to calculate Γ p .
In this work we have studied, theoretically and experimentally, the off-resonant light shifts in CPT Ramsey spectroscopy of laser cooled 87 Rb atoms. We derived a simple expression for the shift and demonstrated excellent agreement with various experimental measurements.
We found that the off-resonant light shift depends strongly on the intensity ratio of the two light fields used in CPT interrogation, therefore the clock stability will depend on the ratio fluctuations. At higher values of the ratio, the sensitivity to these fluctuations is reduced. Moreover, the σ + − σ − (F ′ = 2) scheme has lower and less sensitive light shifts when compared with the lin||lin scheme with F ′ = 1 (due to the dipole matrix elements associated with the excited state). Additionally, for both schemes the off-resonant shift goes to zero at specific "magic" values of the intensity ratio.
When measured at the same intensity, CPT Ramsey spectroscopy reduces the CW light shift by a factor of ≈ T Γ p . For our experimental conditions, with a typical total intensity of 1 W/m 2 , T Γ p is on the order of 10 3 or 10 4 . A CPT clock interrogated continuously and operated at total optical intensity 10 3 or 10 4 times lower would achieve similarly small light shifts. However, in the context of the clock stability, CPT Ramsey spectroscopy has a basic advantage over continuous-wave CPT spectroscopy in substantially reducing the sensitivity of the off-resonant shifts to intensity fluctuations.
